The ATP-binding cassette (ABC) 1 protein superfamily is the largest protein family known (1) , and most, but not all, are membrane proteins ("ABC transporters") active in the transport of a broad range of substances across membranes. ABC proteins are designated as such on the basis of their possession of one or two ATP-binding cassettes or nucleotide binding folds (NBFs), sharing 30 -40% identity between family members (2) . Each NBF encompasses ϳ200 amino acid residues and contains three idiotypic sequence motifs. These are a Walker A box (GX 4 GK(ST)) and a Walker B box ((RK)X 3 GX 3 L (hydrophobic) 3 ), separated by ϳ120 amino acid residues (3), and an ABC signature (alias C) motif ((LIVMFY)S(SG) GX 3 (RKA)(LIVMYA)X(LIVFM)(AG)) situated between the two Walker boxes (4) . In addition to one or two NBFs, ABC transporters, or at least ABC proteins for which a membrane association can be inferred from sequence data alone, contain two or three hydrophobic integral membrane domains (TMDs) each of which contains multiple (usually four to six) transmembrane ␣-helices. The TMDs are considered to form the pathway for solute movement across the phospholipid bilayer (or from one bilayer leaflet to the other). In those proteins investigated in sufficient detail, the TMDs appear to determine or at least contribute to the substrate selectivity of the transporter. However, the TMDs of even closely related ABC transporters, unlike the NBFs, exhibit little or no discernible sequence similarity other than a preponderance of hydrophobic residues with a distribution consistent with structures of approximately equivalent topology.
A feature of ABC transporters, evident from a survey of the superfamily, is their modular construction. The four core domains or modules (two NBFs and two core TMDs) may be expressed as separate polypeptides or as multidomain proteins (2) . In some ABC transporters, for instance many of those from bacterial sources that have been characterized, the four domains reside on different polypeptides ("quarter molecules") (2) . In other ABC transporters, the domains are fused in various combinations. In the ribose permease system of Escherichia coli, the two NBFs are fused; in the mammalian TAP1-TAP2 peptide transporter, the Schizosaccharomyces pombe heavy metal tolerance factor 1 (HMT1) gene product, and the Drosophila melanogaster pigment transporters (White, Brown, and Scarlet), one TMD is fused with an NBF to form a "halfmolecule." In the majority of characterized eukaryotic ABC transporters, the core domains are contiguous on a single multidomain polypeptide ("full molecule") in a "forward" TMD1-NBF1-TMD2-NBF2 or "reverse" NBF1-TMD1-NBF2-TMD2 orientation (Table I) .
The hierarchical organization and range of functions that these proteins are capable of fulfilling in a single organism is clearly exemplified by Saccharomyces cerevisiae, the one genomically characterized eukaryote whose ABC protein complement has been fully inventoried. Numbering 29, the ABC proteins of yeast have been classified into a total of 6 subfamilies or clusters with distinguishable topologies (5) . Of these, 22 are full or half-molecule intrinsic membrane proteins, and 7 are proteins containing NBFs but lacking contiguous TMDs. Cluster I contains 10 proteins belonging to the pleiotropic drug resistance (PDR) subfamily. All members of this cluster, except ADP1 which is a half-molecule, are reverse orientation, full molecule transporters. Cluster II, which can be further demarcated into 3 subclusters, includes 6 forward orientation, full molecule multidrug resistance associated protein (MRP) homologs (subcluster 1), one forward orientation, full molecule MDR protein homolog (subcluster 2), and 3 forward orientation, half-molecule MDR homologs (subcluster 3). Cluster III contains 2 forward orientation, half-molecule transporters bearing a resemblance to the human peroxisomal proteins, adrenoleukodystrophy protein, adrenoleukodystrophy-related protein, and peroxisomal membrane protein 70 (PMP70). The remaining clusters IV, V, and VI contain proteins lacking contiguous TMDs. Cluster IV contains 5 proteins possessing two NBFs, and clusters V and VI contain one single NBF protein each, a protein sharing high sequence similarity to human RNase L inhibitor (RLI) and a protein resembling the peripheral ATP-binding subunits of bacterial ABC transporters, respectively.
A similar pattern is emerging from the Human Genome Project, except that certain subfamilies, for instance those to which ABC1, ABC2, the sulfonylurea receptor (SUR), and the cystic fibrosis transmembrane conductance regulator (CFTR) belong, do not have equivalents in the yeast genome. At the time of writing, some 51 ORFs encoding ABC proteins have been identified in the human genome (www.humanabc.com).
As a prelude to and resource for future functional genomic investigations of this important group of proteins, we present the first complete inventory and phylogenetic analysis of ABC proteins from a multicellular organism, the model plant Arabidopsis thaliana. Although the genomes of two other multicellular organisms, the worm Caenorhabditis elegans and the fly D. melanogaster, have been sequenced in their entirety, in neither case has the full complement of ABC proteins been defined or classified systematically. In compiling the A. thaliana ABC protein inventory, we have adopted an intuitive nomenclature based on the acronyms of the prototypes, when available, of a particular ABC subfamily defined previously from another source, usually yeast or mammals (Table I) , in order to expedite and simplify searches of the earlier literature. Where possible, a nomenclature similar to that applied to yeast (5) has been favored because yeast null mutants for ABC protein genes have been, and will likely continue to be, the system of choice for defining the functional characteristics of plant ABC proteins.
EXPERIMENTAL PROCEDURES
Data Base Searches and Sequence Analyses-The TAIR Arabidopsis data base was first searched using the ABC signature ("C") motif (4) as query sequence. Genes identified as encoding polypeptides containing such motifs were then screened for the presence of flanking Walker A and Walker B box motifs. The sequences of polypeptides containing all three motifs were then used as queries for BLAST searches of the GenBank TM non-redundant protein data base (www.ncbi.nlm.nih.gov/ BLAST/) to identify their closest homologs in other organisms and tentatively assign the Arabidopsis ABC proteins to subfamilies. Coding sequences and intron/exon boundaries were predicted using NetPlantGene (www.cbs.dtu.dk/services/-netpage/) and GenScan (www. genes.mit.edu/genescan.html) data bases, and the results from each procedure were compared with each other, and when available, with the annotations in the Arabidopsis MIPS data base (www.mips.biochem.mpg.de/proj/thal/). Discrepancies were resolved by comparisons of the Arabidopsis sequences with those of their homologs from other organisms. As an additional fail-safe procedure, the Arabidopsis MIPS data base was repeatedly searched during the course of compiling this inventory with the keyword "ABC" (www.mips.biochem.mpg.de/cgi-bin/ proj/thal/searcher?keyϭabc&contigϩall) to ensure that putative gene products containing ABC signature motifs that had been discovered during the annotation process were not overlooked. Transmembrane spans were predicted using the SOSUI (www.sousi.proteome.bio.tuat. ac.jp/cgi-bin/sousi.cgi?/sousi subunit.html) and DAS (www.sbc.su.se/ ϳmiklos/DAS/tmdas.cgi) algorithms.
Sequence Alignments and Phylogenetic Analyses-The deduced amino acid sequences of the putative ABC proteins identified were aligned using ClustalX (6) and subjected to phylogenetic analysis by both the maximum parsimony and distance with neighbor-joining methods using PAUP4.0b4a (7, 8) . Both analyses were subjected to 1000 bootstrap replicates. Although qualitatively similar results were obtained with both methods, only the single tree retrieved from the distance analysis is discussed in detail here.
EST Data Base-The sequences of all of the ABC proteins identified were used to query the Arabidopsis expressed sequence tag (EST) data base (www.arabidopsis.org) for ESTs whose deduced translation products had identical sequences. The positives retrieved were confirmed or refuted by testing for precise alignment of their DNA sequences with those of the query ORF.
RESULTS AND DISCUSSION
The Arabidopsis ABC Protein Superfamily Is Large and Diverse-Systematic BLAST searches of the TAIR Arabidopsis data base with the ABC signature motif, of the MIPS data base with the keyword "ABC," and of the GenBank TM non-redundant data base with the sequences of the putative proteins identified in the first two searches disclosed more than 200 potential ABC signature motifs of which 188 were flanked by Walker A and Walker B box motifs. After subdividing these proteins into intrinsic membrane proteins and other ("soluble") proteins (soluble proteins or peripheral membrane proteins) according to whether they lacked or possessed transmembrane spans contiguous with the NBFs, respectively, the Arabidopsis genome was determined to contain 129 ORFs encoding ABC proteins with one or two NBFs, of which 103 encoded intrinsic membrane proteins and 26 encoded proteins lacking transmembrane spans (Tables II and III) . Two features of the Arabidopsis ABC superfamily were evident from the outset: its large size and the fact that full molecule and half-molecule transporters are approximately equally represented (52:51) among the membrane proteins identified.
Classification of Arabidopsis ABC Proteins-The 129 ABC proteins encoded by the Arabidopsis genome, which range in size from ϳ250 to over 1800 amino acid residues, fell into 12 subfamilies based on their size, orientation, domain organization, and resemblance to ABC proteins from other organisms. Thus, most of the Arabidopsis ABC proteins identified could be assigned to one of the following subfamilies: those consisting of full molecule transporters, the MDRs, MRPs, PDRs and AOHs (ABC one homologs); those consisting of half-molecule transporters, the PMPs, white-brown complex homologs (WBCs), ABC-two homologs (ATHs), ATMs, and TAPs; those consisting of soluble proteins, the RLIs, GCNs, and structural maintenance of chromosomes homologs (SMCs). The only Arabidopsis ABC proteins that could not be categorized in this way were the NAPs, a heterogeneous group of soluble or non-intrinsic membrane proteins that neither bore a close resemblance to each other nor to representatives of specific ABC protein subfamilies from other organisms.
Full Molecule ABC Transporters
MDRs-The MDRs, with 22 members, constitute the second largest ABC protein subfamily and the largest full molecule ABC transporter subfamily in Arabidopsis (Tables II and III) . First identified in mammalian cells because their overexpression confers a multidrug resistance phenotype (9) , all MDRs are forward orientation, TMD1-NBF1-TMD2-NBF2, ABC transporters containing ϳ1200 amino acid residues (Table I) . Many (but not all) of the MDRs from animal sources are plasma membrane efflux pumps competent in the transport of amphipathic cations (10, 11) and/or the translocation of cationic phospholipids between membrane bilayer leaflets (12, 13) . STE6, the sole MDR-like gene in the yeast genome, is responsible for export of the mating pheromone a-factor, a hydrophobic isoprenylated, carboxymethylated peptide (14, 15) . Although STE6 does not confer drug resistance and is not considered to be a true functional equivalent of the mammalian MDRs (this is attributed to the PDRs, below), functional overlap is nevertheless evident in that some mammalian MDRs can partially suppress the mating deficiency of yeast STE6 deletion mutants (16) .
An Arabidopsis MDR (AtPGP1 alias AtMDR1) was the first plant ABC protein gene to be cloned (17) , and several others have since been cloned from other plant sources (18, 19) . Although elegant investigations of transgenic plants ectopically expressing AtPGP1 have shown this ABC transporter to be a plasma membrane protein involved in light-dependent hypocotyl elongation (20) , its mode of action and those of its homologs from other plant sources remain obscure.
At least 12 of the putative Arabidopsis MDR-encoding ORFs, in addition to AtPGP1, are transcriptionally active; there are ESTs for 12 of them (including AtPGP1) and another one, AtPGP3, has been cloned as a cDNA (Table III) .
MRPs-The second most highly represented subfamily of Arabidopsis full molecule ABC transporters are the MRPs, which number 15 (Table II) . Like the MDRs, the MRPs are forward orientation full molecules. Unlike the MDRs, however, the MRPs are frequently larger, consisting of at least 1500 amino acid residues, and usually contain three additional subfamily-specific structures (Table I ). These additional structures are an ϳ200 amino acid residue hydrophobic N-terminal extension, transmembrane domain (TMD0), containing five hydrophilicity minima (putative transmembrane spans); a "linker" (L) domain contiguous with NBF1, rich in charged amino acid residues; and a hydrophilic C-terminal extension (Table I) .
The prototypical MRPs, human MRP1 and the canalicular organic anion transporter cMOAT (alias MRP2), are glutathione S-conjugate (GS-X) pumps competent in the transport of a broad range of compounds after their conjugation with the ubiquitous thiol tripeptide glutathione (e.g. Ref. 21) .
To date, five unique MRP homologs, AtMRPs 1-5, have been cloned from Arabidopsis (21, 22) . AtMRP1, AtMRP2, and AtMRP3 encode functional GS-X pumps with differing substrate selectivities and transport capacities (23) (24) (25) (26) . The functional characteristics of AtMRP4 and AtMRP5 have yet to be defined. 2 As exemplified by MRP1 and MRP2, and more recently by human MRPs 3-5 and their orthologs from Arabidopsis, the ascription "GS-X pump" is not entirely accurate because these pumps can transport compounds other than GS conjugates. MRP1 and MRP2 are competent in the transport of glucuronidated compounds, as are AtMRP1 and AtMRP2 (26) , and MRPs 3-5 transport both cyclic nucleotides and folate derivatives (27, 28) .
Of the 15 putative MRP genes in the Arabidopsis genome, two, AtMRP11 and AtMRP15, clearly group with the other AtMRPs ( Fig. 1 ) but lack the TMD0 characteristic of many members of this subfamily (Tables I-III) . The significance of this deviation remains to be determined. On the one hand, as suggested by the annotators of the Arabidopsis genome, it may mean that these genes are pseudogenes. On the other hand, given that this property is not unique to the AtMRPs but is also found among human and yeast MRP transporters, it may simply represent structural divergence within this subfamily. Human MRP4 and MRP5 also lack TMD0s but are nevertheless bona fide MRP-type transporters (29) . Likewise, of the six MRP subfamily members of yeast (YCF1, YOR1, and ORFs YHL035c, YLL048w, YKR103w, and YLL015w), one, YOR1, despite its lack of a full-length TMD0, is functional in conferring resistance to oligomycin (30) .
ESTs are available for eight of the AtMRPs (Table III) , those that have been cloned as cDNAs (AtMRPs 1-5) plus AtMRPs 6, 7, and 10.
PDRs-The third subfamily of full-length ABC transporters in Arabidopsis is a group of proteins, the PDRs, encoded by 13 ORFs (Tables II and III) . Yeast PDR5, a reverse orientation 1511-amino acid protein (31) , is the prototype of this subfamily (Table I ). Considered to be a functional equivalent of the mammalian MDRs, albeit one having a reverse orientation and low overall sequence identity, yeast PDR5 is a plasma membrane protein able to export all of the anticancer drugs tested (32) . Genes encoding bona fide PDR homologs have not been identified in the human genome, despite their being the most common ABC protein subfamily in yeast (9 out of 29 ORFs) and the fifth most common subfamily in Arabidopsis (Table II) .
There are two reports of PDR5-like genes from plants: TUR2 in the aquaphyte Spirodela polyrrhiza (33) and NpABC1 in Nicotiana plumbaginifolia (34) . Initially cloned on the basis of its transcriptional activation by the stress hormone abscisic acid, which in Spirodela fronds induces turion (perennating or winter bud) formation, transcription of TUR2 is enhanced by a broad range of stress factors, including cold and salinity, and is diminished by kinetins. By analogy with its yeast homolog, TUR2 is suspected to mediate the excretion or mobilization of toxic metabolites whose production or release is elicited by stress factors. The nearest equivalent to TUR2 in Arabidopsis is AtPDR12 (67% identity and 82% similarity), closely followed by AtPDR6, AtPDR8, and AtPDR13 (with identities of 60, 59, and 59%, respectively). The tobacco PDR5 homolog NpABC1 appears to encode a 160-kDa plasma membrane polypeptide whose levels are enhanced by the treatment of N. plumbaginifolia cell cultures with sclareolide, a close analog of the antifungal diterpene, sclareol, produced by this plant species (34) . In agreement with the notion that NpABC1 might participate in terpene export, the induction of NpABC1 is associated with an increase in the capacity of cell cultures to exclude or extrude sclareolide derivatives in an energy-dependent manner (34) .
At least eight of the PDR5-like ORFs in Arabidopsis are transcriptionally active and have been isolated as ESTs (Table  III) , but none have been cloned in their entirety and characterized.
AOH-The Arabidopsis genome harbors one ORF (AtAOH1) (Tables II and III) , with a corresponding EST (Table III) , that bears a close resemblance to human ABC1, a forward orientation, full molecule transporter which localizes to the plasma membrane and Golgi complex (Table I) (35) . As is the case for human and mouse ABC1, AtAOH1, an 1816-residue protein, is the largest single ABC transporter polypeptide encoded by the Arabidopsis genome because it possesses an unusually large putative regulatory domain interrupted by a hydrophobic segment in the central linker region of the molecule (Tables I and  II) . AtAOH1 is the only full-length ABC transporter in Arabidopsis for which there is not a yeast homolog.
Mutation of ABC1 in humans is responsible for Tangier disease, a rare autosomal recessive genetic disorder associated with severe high density lipoprotein deficiency, sterol deposi- tion in tissue macrophages and systemic atherosclerosis (36) . Its precise mode of action remains to be determined but ABC1 appears to be involved in energy-dependent apolipoproteinmediated lipid efflux (35) .
Half-molecule ABC Transporters
PMPs-Peroxisomal membranes contain forward orientation, half-molecule ABC transporters that catalyze the transport of long-chain acyl-CoA substrates (37) . Suspected to be active as homo-or heterodimers, the PMP subfamily of yeast contains two members (PXA1 and PXA2) and that of humans at least four members. Mutation of two of the human PMPs, adrenoleukodystrophy protein and PMP70, is believed to be the cause of adrenoleukodystrophy and Zellweger syndrome, diseases associated with defective peroxisomal ␤-oxidation of longchain fatty acids (38) (Table I) .
The authenticity of the PMP subfamily in Arabidopsis is not known, but there are two ORFs, AtPMP1 and AtPMP2, and corresponding ESTs, for proteins that bear a resemblance to the PMPs from other sources (Tables II and III) . One of these (AtPMP2), however, appears not to be a canonical PMP but instead a full molecule transporter. Although each half of (Table I) , plus a heterogeneous group of soluble proteins or peripheral membrane proteins (the NAPs). The chromosomal (Chr) locations of the ORFs, the total number of ORFs for each category on each chromosome and in the whole genome, and the total numbers of full molecule and half-molecule transporters and proteins lacking contiguous TMDs ("soluble" proteins) are shown. Protein sequences were aligned using ClustalX (6) and subjected to phylogenetic analysis by the distance with neighborjoining method (7) using PAUP4.04a (8) . The reliabilities of each branch point, as assessed by the analysis of 1000 computer-generated trees (bootstrap replicates), were in excess of 90% except for those discussed in the text. a PRL1 and PRL2 are cDNA libraries derived from equal quantities of four pools of mRNA: 1) 7-day-old etiolated seedlings; 2) tissue culture-grown roots; 3) rosettes from staged plants, half of which were grown under continuous light and half of which were grown under a 16-h/8-h light/dark cycle; 4) the same as 3) but stems, flowers, and siliques. The Ohio cDNA library is constituted of selected clones from the Ohio State University A. thaliana clone set.
b This annotation is incorrect, both accession numbers correspond to the same polypeptide. the WBCs (Tables II and III) , a collection of 29 forward orientation half-molecule transporters. The prototypes of these are the White, Scarlet, and Brown proteins of Drosophila that contribute to a permease complex that mediates the transport of pigment precursors into the pigment cells responsible for eye color (Table I) . Only functional as dimers, White dimerizes with Brown for the transport of guanine and with Scarlet for the transport of tryptophan (39) . The large size of the WBC subfamily in Arabidopsis contrasts with the situation in other organisms whose genomes have been or are being sequenced. For instance, the yeast genome contains only one WBC homolog (ADP1) of unknown function (5), and to date only three have been identified in the human genome: ABC5 and ABC8, which participate in cholesterol and phospholipid transport (40) , and BCRP1, which contributes to multidrug resistance (41) ( Table I) .
There are ESTs for some 22 of the members of this subfamily from Arabidopsis (Table III) , but none have been characterized.
ATHs-The ATH subfamily of forward orientation, half-molecule transporters and AtAOH1 are the only Arabidopsis ABC proteins not represented in yeast. There are 16 ATH ORFs in the Arabidopsis genome, of which 8 have been isolated as ESTs (Table III) . Ascription of a tentative function to the AtATHs is prohibited by the seemingly disparate functions served by their mammalian homologs. The human prototype ABC2 (alias ABCR) is a retinal transporter, mutation of which is associated with serious eye conditions such as Stargardt disease and fundus flavimaculatus (42, 43) , whereas its nearest equivalent ABC3 is implicated in drug resistance (44) (Table I) .
ATMs-The ATM subfamily of Arabidopsis forward orientation, half-molecule ABC transporters is small. It contains only three ORFs: two that are immediately adjacent to each other on chromosome IV (AtATM1 and AtATM2) and another on chromosome V (AtATM3) ( Table II) . There is an EST for one of these genes, AtATM3 (Table III) . All three ORFs encode putative proteins containing N-terminal mitochondrial targeting sequence cleavage sites: ARV/FFF, ARV/MFF and GRL/FST, respectively.
The prototypical ATM, yeast ATM1 (Table I) , localizes to the inner mitochondrial membrane and is inferred to participate in the assembly of cytosolic FeS proteins, possibly by mediating the transport of FeS centers from the mitochondrial matrix, where they are synthesized, into the cytosol (45) .
In those examples that have been investigated in sufficient detail, a basic equivalence of function among the ATMs from different eukaryotes has been demonstrated. The human mitochondrial homologs, ABC7 and MTABC3, mutation of which is associated with iron storage diseases such as hereditary X-linked sideroblastic anemia and ataxia (Table I) , complement yeast atm1 Ϫ mutants (46, 47) . Arabidopsis AtATM3 (alias STA1), whose deficiency causes dwarfism and chlorosis (48) , restores the maturation of cytosolic FeS proteins in and suppresses the iron hyperaccumulation phenotype of atm1 Ϫ yeast (49) . 3 By comparison with AtATM3, much less is known about AtATM1 and AtATM2. AtATM2 has not yet been functionally characterized, although its expression pattern is distinct from that of AtATM1 and AtATM3. 4 Moreover, whereas AtATM1 (alias STA2) can partially substitute for AtATM3 both in yeast 3 and in the intact plant (49) , its capacity to suppress the iron hyperaccumulation phenotype of yeast atm1 Ϫ mutants is marginal by comparison with AtATM3. 3 TAPs-The Arabidopsis genome contains two TAP-like genes, AtTAP1 and AtTAP2 (Table II) , one of which is represented in the EST data base (Table III) , and both of which are detectable by the reverse transcriptase-polymerase chain reaction. 5 Mammalian TAP1 and TAP2 participate in peptide secretion and translocation across the membranes of the endoplasmic reticulum. TAP1-TAP2 heterodimers actively transport peptide degradation products from the cytosol into the lumen of the endoplasmic reticulum where they associate with class I molecules of the major histocompatibility complex (50) . The functions of the two non-essential yeast TAP homologs, MDL1 and MDL2 (5), are not known.
"Soluble" ABC Proteins
There are 26 ORFs in Arabidopsis encoding ABC proteins lacking contiguous transmembrane spans (Table II) . Eleven of these fall into clearly differentiated subfamilies (the RLIs, GCNs, and SMCs), whereas the other 15, because they contain only a single NBF and do not group in a coherent manner, cannot yet be categorized. We have placed the latter into a heterogeneous collection of proteins, termed NAPs. This category is purely arbitrary, pending the acquisition of further structural and functional information.
RLIs-Members of the RLI subfamily possess two NBFs but no membrane spans (Table I ). The prototypical RLI inhibits 2Ј,5Ј-oligoadenylate-activated RNase L, an interferon-stimulated RNase, considered to play a critical role in catalyzing mRNA turnover in normal and interferon-treated cells (51) . A single ORF (YDR091) encoding an RLI (RLI1) has been identified in the yeast genome (5) which, on the basis of its high (74%) sequence identity to its mammalian counterparts, is considered to be a functional equivalent.
Both members of the Arabidopsis RLI subfamily possess N-terminal "ferredoxin" (4Fe4S-type) (CX 2 CX 2 CX 3 C) motifs. Such motifs are commonly found in proteins that interact with nucleic acids (4). ESTs for both members of this subclass have been identified (Table III) .
GCNs-Although clearly distinguishable from the RLIs on a sequence basis, members of the GCN subfamily contain the same core domains: two NBFs but not transmembrane spans. In Arabidopsis, the GCN subfamily, which numbers five ORFs (Tables II and III) , is the most highly represented category of soluble ABC proteins. ESTs have been identified for all of the AtGCNs except AtGCN2 (Table III) .
The GCN prototype, yeast GCN20, is implicated in sensing amino acid availability through modulation of a kinase associated with the aminoacyl-tRNA binding reaction (52) . ABC50 is the nearest equivalent to a GCN identified in the human genome (Table I) .
SMCs-One of the most novel ABC protein subfamilies identified in Arabidopsis are the SMCs. Ordinarily not considered to be ABC proteins because they lack canonical ABC signature motifs, the SMCs from bacteria, yeast, C. elegans, and vertebrates (Table I) have been implicated in a broad range of chromosomal transactions including condensation, sister chromatid adhesion, gene dosage compensation, and homologous recombination (53) . In marked contrast to these SMCs, which possess two extended coiled-coil domains flanked N-terminally by a domain containing a Walker A box and C-terminally by a domain containing a Walker B box, the four homologs from Arabidopsis (AtSMC1, AtSMC2, AtSMC3, and AtSMC4) (Tables II and III) contain not only a Walker B box in their C-terminal domains but also an ABC signature motif. To date, three AtSMC ESTs have been identified, those corresponding to AtSMCs 1-3 (Table III) .
NAPs-We have classified the remaining soluble ABC proteins into a heterogenous group of 15 putative proteins (Table  II) . There are currently ESTs for nine of these proteins (Table  III) . Because they are small, ϳ290 amino acid residue, proteins containing only a single NBF each, the NAPs are reminiscent of the peripheral ATP-binding quarter molecule subunits of prokaryotic ABC transporters (2) . However, whether this is the case or some are genuine soluble proteins cannot be decided from gene structure alone. That eukaryotic mRNAs, unlike their prokaryotic counterparts, are seldom if ever polycistronic means that potential subunit associations for their translation products cannot be inferred from the contiguity of their coding sequences. Similar uncertainties apply to the NAPs from eukaryotic sources other than Arabidopsis, such as the NAP-like protein encoded by yeast ORF YFL028 (Table I) (5) .
Recent studies have established that one of the AtNAP genes, AtNAP1 (alias LAF6), when mutated by dissociation element insertion confers a "long after far red light" phenotype in which plants exhibit markedly diminished responsiveness toward continuous far red light (54) . Attributed to an impairment in import of the chlorophyll precursor protoporphyrin IX from the chloroplast envelope into the stroma, the laf6 mutation is associated with the hyperaccumulation of protoporphyrins and attenuation of far red light-regulated gene expression, possibly consequent on a loss of protoporphyrin IX-mediated coordination between the plastidic and the nuclear compartments (54) .
A Coherent Phylogeny
To assess the coherence of the subfamily classifications assigned to members of the Arabidopsis ABC protein superfamily, all of the predicted protein sequences were aligned using ClustalX (6) and subjected to phylogenetic analysis by the maximum parsimony (8) and distance with neighbor-joining methods (7) using PAUP4.04a (Sinauer Associates, Sunderland, MA). To maximize the statistical significance of the phylogenetic trees generated by the parsimony and distance methods, 1000 bootstrap replicates were employed for each analysis. Qualitatively similar results were obtained by both methods, but only the single tree retrieved from the distance analysis is shown (Fig. 1) .
In most cases, the subfamily assignments made on the basis of protein size (full, half-, or quarter-molecule), orientation (forward or reverse), the presence or absence of idiotypic (transmembrane and/or linker) domains, and overall sequence similarity appeared to be robust and well founded. For eight of the bona fide ABC protein subfamilies containing two or more members, the members of each subfamily clustered more tightly with each other than with members from other subfamilies. Thus, all of the MDRs, MRPs, PDRs, ATMs, TAPs, RLIs, SMCs, and GCNs, clustered within their respective subfamilies with bootstrap values of at least 90%. Likewise, the WBCs formed a tight cluster, with the exception of WBC25 and WBC29, which nonetheless distributed immediately adjacent to the main WBC cluster, and AOH1, the sole AOH in Arabidopsis, grouped only with itself, further confirming the likely validity of this tenth subfamily designation.
The two exceptions to this pattern were the ATHs and PMPs. Whereas 11 members of the ATH subfamily grouped within the same clade with bootstrap values of 100%, 5 (AtATH8, AtATH9, AtATH10, AtATH12, and AtATH13) did not despite their topological equivalence to ABC2. However, with the exception of AtATH12, which grouped within the MDR/MRP/ TAP/ATM clade, none of the outlying AtATHs grouped within any of the other subfamilies. The lack of coherence within the PMP subfamily, the finding that AtPMP1 and AtPMP2 did not group within any of the other subfamilies or with each other, further confirmed that, of the several subfamilies identified, this was the most tentative. The basic difficulty in classifying the Arabidopsis PMPs was that although the one (AtPMP1) that exhibited the weakest alignment with the PMPs from other organisms had a PMP-like topology, the one that exhibited the strongest alignment (AtPMP2) was a full molecule instead of half-molecule transporter.
The lack of tight clustering among the NAPs was to be expected since this heterogeneous group of proteins lacking contiguous transmembrane spans was grouped together by virtue of their lack of any systematic resemblance to previously defined ABC proteins. Notwithstanding the arbitrarity of this designation, some NAPs did nonetheless group with each other or within other subfamilies with high confidence. For instance, AtNAP3, AtNAP5, AtNAP10, and AtNAP15, and AtNAP2 and AtNAP9, formed their own clades with bootstrap values of 100%, whereas AtNAP8 and AtNAP12 grouped within the MDR/TAP/ATM and PDR/WBC clades, respectively, with bootstrap values of 96 and 100%, respectively. The functional significance of these subgroupings remains to be determined, but in the case of AtNAP8 and AtNAP12 there is a possibility that these proteins are peripheral subunits of multimeric quarter-molecule ABC transporters that would as holoenzymes serve functions or have overall structures similar to the ones with which they group.
Concluding Remarks
One of the most remarkable features of the Arabidopsis ABC protein inventory is its size. With a total membership of 129 polypeptides, it is the largest reported to date. Preliminary estimates for other genomically characterized multicellular organisms whose genomes are similar in size to those of Arabidopsis indicate far fewer ABC protein ORFs. For instance, for the genomes of C. elegans and D. melanogaster that total some 19,000 and 13,600 ORFs by comparison with the 25,000 estimated for Arabidopsis, only 58 and 56 ABC protein ORFs, respectively, have been enumerated (55, 56) . Even the human genome that likely contains 30,000 ORFs is predicted to encode only 51 ABC proteins (29) .
The reason for this disproportionately large allocation, 0.5% gene-for-gene, of coding sequences to ABC proteins in Arabidopsis, and presumably other vascular plants, can only be speculated, but several factors are probably pertinent. Among these are the following. (i) The sessile lifestyle of plants: unlike most other multicellular organisms, most plants and plant parts are not able to exercise speedy avoidance behaviors, thus necessitating sophisticated cellular detoxification mechanisms for a broad range of xenobiotics. (ii) Their lack of bona fide excretory organs: thereby placing a greater reliance on detoxification at the cellular level in many different cell types. (iii) Their metabolic versatility: over 50,000 different secondary metabolites have been identified in plants to date (57) , most of which would be toxic to the cells that synthesize them if these compounds were not transported across membranes out of and sequestered from the cytosol (58) . Their capacity for, and the photooxidative consequences of, photosynthesis further augment the metabolic versatility of green plants while placing even greater demands on the cellular detoxification machinery. (iv) The extraordinary chemical complexity of their immediate environment: this is especially true of the chemically rich, microbially diverse rhizosphere.
Other remarkable features of the Arabidopsis ABC protein inventory are its high content of half-molecule transporters, possession of PDR, AOH, and ATH subfamily members, lack of a few subfamilies that have been established to mediate critical transport processes in other organisms, and incorporation of a novel class of SMCs.
Because most of the ABC proteins from eukaryotic sources that have been characterized to date are full molecule transporters, most investigators have assumed that these are the prevalent morpholog. This is certainly not the case for Arabidopsis in which half-molecule and full molecule ABC transporters are approximately equally represented. Since the Arabidopsis ABC protein superfamily is the first from a multicellular organism to have been inventoried in its entirety, it will be interesting to see if a comparable pattern is disclosed upon completion of the inventories for C. elegans, Drosophila, human, and mouse at a similarly high resolution.
Arabidopsis, like S. cerevisiae, is notable for its high content of PDR homologs and deficiency in CFTR, SUR, and HMT1 homologs. It is not known why the PDRs have such a distribution, but this does appear to be a general phenomenon in as much as BLAST searches of GenBank TM only disclose these proteins in plants and yeasts, not in other organisms. By the same token, the significance of the absence of CFTR and SUR homologs, their nearest equivalents being the MRPs whose ORFs are well represented in the Arabidopsis genome, and the presence of AOH and ATH homologs, which are absent from yeast, cannot yet be decided. The seeming absence of authentic HMT1 homologs from Arabidopsis is, however, potentially very instructive. Given that the S. pombe half-molecule ABC transporter HMT1 is clearly implicated in the phytochelatin-dependent vacuolar sequestration and detoxification of cadmium (59, 60) , a process that is also demonstrable in plants (61, 62) , an important corollary follows, namely that S. pombe and plants deploy different transport pathways for the vacuolar uptake of cadmium-phytochelatins and apo-phytochelatins. Although both mediate uptake via vanadateinhibitable ATPases, with the properties expected of ABC transporters, S. pombe employs HMT1, whereas plants presumably employ another ABC transporter. Thus, on the one hand, the absence of HMT1 homologs from Arabidopsis would explain why all attempts to clone this function have met with failure. On the other hand, it might imply that one or more of the other ABC transporters in the Arabidopsis inventory can assume the function of HMT1. The possibility that one of the AtMRPs might mediate this reaction has been discussed previously (21) . Other possibilities are that one or more of the AtATMs, which like HMT1 are half-molecule transporters whose homologs in yeast are competent in the transport of metal thiolates (45), or that one or more of the other ABC transporters in the Arabidopsis inventory serve this function.
In view of their ubiquity and involvement in chromosome and DNA dynamics (53) , the disclosure of a new class of ABC-type SMCs in Arabidopsis and the ready availability of ESTs for these presents new opportunities for examining the molecular basis of chromatin remodeling and recombination in plants.
Gene and protein inventories are not an end in themselves but instead are tools that promote and enable meaningful cross-comparisons and functional analyses. This is especially true of the Arabidopsis ABC protein superfamily. Not only is this organism particularly amenable to transcriptomic, proteomic, and reverse genetic approaches for deciphering gene function, but its possession of such an extended and hierarchical family of ABC proteins will likely lead to completely new insights into the mechanistic basis of a broad range of processes. As initially illustrated by the yeast ABC protein inventory (5) and even more dramatically by the inventory from Arabidopsis, the capabilities of the handful of ABC proteins that have been defined functionally represent only a minute fraction of the total possibilities.
